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HIGHLIGHTS CRAPHICAL ABSTRACT

Nationwide study of 29 paired source wa-
ter and treated drinking water samples
Chemicals: pharmaceuticals, PFASs,
anthropogenic waste indicators, and
inorganics

Microorganisms: bacteria, fungi, proto-
zoa and viruses

148 contaminants detected in sousrce
wates; 121 detected in treated drinking
water,

Provides a baseline for future drinking
water monitoring for these constituents

®

ARTICLE INFO ABSTRACT
Article hf_va*}'-' When chemical or microbial contaminants are assessed for potential effect or possible regulation in ambient and
Received 7 Decernber 2015 drinking waters, a critical first step is determining if the contaminants occur and if they are at concentrations that

Received in revised form 1 Decernber 2016
Accepted 1 Decernber 2016
Available online 24 Decernber 2016

may cause human or ecological health concerns. To this end, source and treated drinking water samples from 29
drinking water treatment plants (DWTPs) were analyzed as part of a two-phase study to determine whether
chernical and microbial constituents, many of which are considerad contaminants of emerging concern, were

Abbrevigtions: AW, anthropogenic waste indicator; CEC, contaminant of emerging concern; CCL, Contaminant Candidate List; DWTP, drinking water treatment plant; LCMRL, lowest
concentration minimurm reporting level; FFAS, per- and polyfluoroaliyl substances; PWS, public water systern; QA/QC, guality assurance/quality control; RL, reporting level; SDWA, Safe
ng Water Act; UCME, Unregulated Contarninant Monitoring Rule; USEPA, United States Environmental Protection Agency; USGS, United States Geological Sur
his paper belongs to the special section on Emerging contarinants in drinking water and it has been inadvertently missed.
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Editor: I. Barcelo

Drinking waler
Source waler

detectable in the waters. Of the 34 chemicals monitored in the 9 Phase IDWTPs, 27 were detected atleast once in
the souwrce water, and 21 were detected at least once in treated drinking water. In Phase 1T, which was a broader
and more comprehensive assessment, 247 chemical and microbial analytes were measured in 25 DWTPs, with
148 detected at least once in the source water, and 121 detected at least once in the treated drinking water,
The frequency of detection was often related to the analyte's contaminant class, as pharmaceuticals and anthro-
pogenic waste indicators tended to be infrequently detected and more easily removed during treatment, while
per and polyfluoroalkyl substances and inorganic constituents were both more frequently detected and, overall,

more resistant to treatment, The data collected as part of this project will be used to help inform evaluation of
unregulated contaminants in surface water, groundwater, and drinking water.
Published by Elsevier BV, This is an open access article under the CC BY-NC-ND lcense

(hitp: /foreativecomumnons.orgdicenses/hy-ne-nd/4.0/).

1. introduction

There is increasing public concern over the detection of chemicals in
water whose presence results from the diverse array of frequently used
consumer, health-, and personal-care products. Chermnicals contained in
these products— including pharmaceuticals, fragrances, surfactants, and
pesticides— may be present in wastewater influent through excretion,
bathing, or direct disposal. Many of these chemicals have been docu-
mented to survive wastewater treatment and be discharged to surface
and groundwaters. Previous reviews {Halling-Sorensen et al,, 1983;
Daughton and Ternes, 1999, Heberer, 2002; Diaz-Cruz and Barcelo,
2004; Glassmeyer et al, 2008; Kostich et al, 2010; Delgado et al,
2012; Pal et gk, 2014; Li et al, 2015; Petrie et al, 2015) have summa-
rized the peer-reviewed literature reporting the occurrences of these
chemicals in water resources. Initially termed “emerging contami-
nants”, there is some misperception that the term suggests that these
chemicals have only recently been released into the environment. in
fact, these chemicals have been released as fong as they have been in
use, and some compounds {such as caffeine) have been detected in
wastewarer {Shuval and Gruener, 1973; Shackelford and Cline, 1986),
surface water (Donaldson, 1977; Sheldon and Hites, 1978, Eganhouse
et al, 1983 Richardson and Bowron, 1983), and drinking water
{Colernan et al, 1980) for several decades. What is emerging is greater
awareness by the general public of the presence of these contaminants
in the environment and the direct link of environmental presence to
household use. The ability of environmental scientists to detect ex-
tremely low ambient concentrations of these contaminants, aided by
improverments to the analytical instrumentation, further fosters this
awareness, Thus, the term “contaminants of emerging concern”
{CECs) is a more appropriate choice when describing these contami-
fiants in aggregate,

in the United States, the Safe Drinking Water Act {(SDWA), as
amended in 1996 {LISEPA, 1996) gives the US Environmental Protection
Agency (USEPA) the authority to regulate contaminants in finished
drinking water, as well as to protect drinking water sources, To regulate
a contaminant in drinking water, the SDWA requires that three criteria
must be met: 1) the contaminant may have an adverse effect on the
health of persons, 2) the contaminant is known to occur or thereis a
substantial likelihood the contaminant will occur in drinking warter
with a frequency and at levels of public health concern, and 3} in the
sole judgment of the USEPA Administrator, regulation of the contami-
nant presents a meaningful opportunity for reducing health risks for
persons served by public water systems. The SDWA requires the
LUSEPA to evaluate unregulated chemical and microbial contaminants
which may necessitate future regulation through the Contaminant Can-
didate List (CCL} process; the draft fourth CCL {CCL 4) was proposed in
2015 (USEPA, 2015). Whether a contaminant is known or anticipated o
ocowy in public water systems is considered as part of the CCL process,
along with potential health effects.

Compared to other environunental matrices, there are a paucity of
studies that have assessed occurrence of CECs in finished drinking
water (Benotti et al., 2008; Stackelberg et al,, 2004; Stackelberg et al,,

2007; Snyder, 2008; Garcia-Ac et al,, 2009; Loos et al, 2007; Togola
and Budzinski, 2007), and these studies typically do not examine
analytes from multiple contaminant classes. One mechanism to obtain
nationally representative drinking water occurrence data is through
the Unregulated Contaminant Monitoring Regulation {(UCMR), an au-
thority that allows the USEPA to gather occurrence data from all public
water systems (PWS) serving > 10,000 people, and a representative
sample of PWSs serving 10,000 or fewer people, for no more than 30
contaminants in five-year cycles (USEPA, 20123). Occurrence data of
CECs in drinking water in published studies helps determine which
analytes would be most appropriate for the UCMR. However, focused,
national-scale studies of CEC presence and concentration in source-
and treated drinking water samples that use consistent, state-of-the-
art sample collection and analysis approaches and assessing the widest
array of CECs offer the greatest benefit for identifying the most appro-
priate contaminants for any detailed UCMR assessiments,

This paper is one of a series of papers describing a comprehensive
study on the presence, concentrations, and persistence of chemical
and microbial CECs in source and treated drinking waters of the United
States (Batt et al, 2016; Benson et al, 2016; Conley et al, 201 6; Furlong
et ab,, 2016; King et al, 2016; Kostich et al, 2016; Boone et al,
unpublished resulis; Varughese et al, vopublished results). This was a
joint effort of the USEPA and the U.S. Geological Survey {USGS), as
part of a long-term interagency agreement. A primary goal of the overall
study was to provide accurate, ebjective information for assessing the
potential for human exposure to a comprehensive set of CECs via drink-
ing water. A secondary goal was to evaluate removal, if any, of CECs
from source waters by currently used drinking water treatment pro-
cesses under typical plant operating conditions. The inferdisciplinary
approach of this nationwide study is unigue in that it combined both
the measurement of CECs along with the evaluation of the potential ef-
fects of the contaminants, through both an in vitro estrogenic activity
bigassay and screening level human and ecological health impact
aSsesstnents.

2. Experimental design

This study was conducted in two phases, In Phase | (2007), source
and treated drinking water from nine drinking water treatment plants
{DWTPs) from eight states across the United States were sampled and
analyzed for 84 chemicals using three different analytical methods,
The Phase 1 effort provided an opportunity to test the experimental de-
sign, field sampling protocols, and analytical methods as applied to op-
erator-collected sarnples from DWIPs, In Phase U {2010 — 2012}, the
quality assurance/qguality control design was refined, the analyte list ex-
panded (247 chemical and microbiclogical contaminants using 16 dif-
ferent methods, as well as an in vitro estrogenicity bioassay), and the
number of DWTPs sampled increased to 25 DWTPs located in 24 states,
including five that were also sampled in Phase . Between the two
phases, 28 DWTPs were investigated (five in both Phase I and i, four
in Phase [ only and 20 in Phase L only). A total of 77 common analytes
were measured in both Phase 1 and 1L
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2.1, Site selection

An objective of this study was to better determine the upper bound-
ary of CEC concentrations, rather than provide a nationwide average, so
DWTP selection was skewed rowards sample locations with known
wastewater outfalls in the source water, Candidate locations were
selected based on water sources with potential for a high wastewater
contribution {Swayne et al, 1880), locations with and without existing
pharmaceutical concentration data (Associated Press, 2008), nomina-
tion by USEPA and USGS regional personnel, and DWTP self-nomina-
tion. Sites were chosen to maximize the range in select attributes
inciuding geography, diversity in disinfectant type used in the treat-
ment process, and drinking water plant production volume. Participa-
tion in the study was voluntary. Table 1 provides a description of each
participating DWTP, but the specific identity of sach location is not
given to provide anonymity of the participating DWTPs,

2.2. Sample collection

Sarnples were collected by operating staff at each of the DWTPs with
project-provided protocols and sampling materials. Sample collection
bottles for each method were pre-spiked (if needed) with an appropri-
ate dechlorination agent. Supplementary information Table 1 details
method specific bottles, sample volumes, dechlorination agent, and
sample holding times. Although the dechlorination agent was not
needed for the spurce water samples, it was added to all chemnical

Table 1

contarinant samples analyzed by a given method, if needed for finished
water sample preservation to maintain sample consistency. For the
chemical analyses, bioassays, and the majority of the microbial tests,
grab samiples were collected, Most of the DWTPs were plumbed with
sampling taps at different locations in the plant. These taps allow collec-
tion either directly, or have piping back to a sink in the facility's labora-
tory, The DWTP operators were instructed to collect the source water
sample prior to any treatment, including settling basins. The treated
water samnple was to be collected at a sampling point after final disinfec-
tion but prior to the clear well, The DWTP operators were requested to
time sampling between the source water and the treated water o
match the hydraulic residence time of the plant, so approximately the
same parcel of water would be analyzed entering and exiting the
plant. 1n some instances, however, this was not possible {Table 1). Sam-
ple collection at most locations was performed by DWTP personnel by
simply filling the bottle at the tap to the appropriate volume, DWTP
10 did not have a source water tap, so an empty sampling bottle was
dipped into the source water and the sample was decanted into appro-
priate sample bottles, Since the perfluorinated analytes were known to
sorb to container surfaces, and since no dechlorination agent or preser-
vatives were used for that method, the sample bottle was directly
dipped into the DWTP 10 source water to collect the sample.

For the protozoa and virus samples in Phase 1, field filtration was re-
quired. The utilities were supphied with two sets of sterile tubing, filters
with appropriate housing cartridges, and flow meters {one for source
and one for treated samples). For spurce water samples, 10 L was

Background Information on the Phase [ {DWTP 1-9) and Phase [ (DWTP 1-5; 10-28) locations.

Location Pop served?® Production Residence time GAC GAC Simplified treatment train®
{1000s) at sampling® of treatment® disinfectant® depth recharge rate
{MGD} (i) {feet) {years)
DWTP 1 =500 =100 Pi4 35 -+ NHC nad na O, coag/floc, NHCL C floc, O F
P10
DWTP 2 =500 =100 PLEY Cly 114 .6 Coag/floc, 5, SF, GAC. (L
P72
DWTP 3 50--500 10-100 53 Clh + WY 25 3 Coag/floc, (/5 F, GAC, Cl, UV
DWTP 4 >500 10-100 P38 Cly + NHz2(1 na HE) Pre-{l,, coag/floc, S, secondary Cly, 5F, NH3
P46
DWTP 5 <50 <10 0.13 Ch na na Cly
DWIP & 30-500 10-100 24 ClG, + (L, na na ClQ4, coag, S,pre-Ciy, F, Cl,
DWIP 7 50-300 10-100 3 Ch na na Coag, pre-Ch, PAC, floc, S, F, Ciz
DWIP 8 <50 <10 [ G0y + 3 2 Cly, Cly, coag/flon, 5, GAC and SF, Cly
WP S <50 <10 10 o na na S, caag/floc
WP 10 50500 =100 NHCL na na Coag/floc, S, NHZCL
WP 11 <50 <10 05 + 6 4 Coag/floc, S, €, Oz, GACand SF, C
DWTP 12 <50 <10 30.72 l 1.25 as needed Coag/floc, pre-Cly, C, GAC and SF, post-Cly
DWTP 13 =500 >100 1 ly na na Cly
DWTP 14 50-500 10-300 10 0, + .75 8 Coag/floc, pre-Ci0,, GAC and SF. L
DWTP 15 <50 <10 h na na Coag/floc, S,F. Cly
DWTP 16 50-500 10-100 NH,Cl 2.5 3 Coag/floe, S, GAC and SF, NH2(l
DWTP 17 <50 <1 2 iy na na C, coag/floc, pre-Cly, F, Ciy
DWTP 18 <50 <10 7.3 Oy -+ NHLO 4 2 Oy, floc, S, pre-Cly, GACand SF N
DWTP 19 50-500 10-100 26 NH,( na na Coag/floc, PAC, 5, ultrafilration, NH,
DWTP 20 =500 10-100 30 O3 +Cl 5 =4 Floc, 5, Oz, GAC and SF, (L,
DWTP 21 50-500 10-100 30 Cla na Bt PAL pre-Cla, eoag, 5, Cla F
DWTP 22 50-500 10-100 10 Oy + 0L + WV 4 as needed Pre-0s, coag, 5, U, GAC and SF, UV, (1,
DWTP 23 50-500 10-160 7 Clo, + UV + na na Pre-{10,, coag/floc, 5, dual media F, UV, {1,
DWTP 24 50-5300 10-100 3 NH,(Cl 7 3 PAL, GAC and SF, NHCL
DWTP 25 50-500 10-100 13.6 05 4 NH( 3 5-10 Pre-0s,, coag, NHC
DWTP 26 50-300 10-100 24-36 Ch na na e-Cly, PAC, coag, S, Ciy, F,
DWTP 27 50-300 <10 4 NH,Cl + UV na na PAC, coag/fioe, S, F, UV, N
WP 28 =500 =100 1 35 4+ NHu(CL na na NH,Cl, O3, F
PP 28 <50 <10 8 <l na il PAC, pre-Cly, coag/floc, S, Cly, ¥
& Poputation sizes binned to give indication of DWIP size variation while maintaioing plant anonyroity.
b

DWTPs were asked to match the 1 ence time of treatynent. Some
(3 = ozone: NHxCL = chiloramine; Clo = chilorine; UV = ultraviclet radiati
03 == not applicable.

.

o

o

activated carbon; GAC = granular activated carbon.

tions achieved this b

“than others. PI = Phase I of study; PU == Phase Il of study.

ior; Cl0, = chiorine dioxide.

™

Major steps in treatment in each plant. Coag = wagulation; floc = flocculation; € = clarification; F = filration; S = sedimentation; 5F = sand filter; NH; = ammoniz; PAC = powdered
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Table 2 b
Source and freated drinking water qualitative and quantitative frequency of detections, median, and maximurn concentrations for analvtes detected in af least 30% of collected samples.

Analytes CAS regisiry Method® Units  RL® LCMIRL? Source water Treated drinking water Analyte class and primary use®
nembes n®  Qual®freq  Quant®freq fed.f Max.® n¢ Quallfreq  Quant®freq  MedS Max®
(%3 %) conc conc %) (%) conc conc
Phase }
Pharmaceuticals
Bupropion 34,341-39-9 4 ng/L 0.66 9 89 87 1.23 319 g 44 33 199 334 1-Antidepressant
Yenlafaxine 93,413-68-5 4 ng/L 0.58 g 78 78 10.8 418 g 0 O nd nd 1-Antidepressant
C e 58-08-2 4] ng/L G0 g 67 11 124 124 5 66 i1 38 83 1-Peychoactive stimulant
Carbarnazepine 298-46-4 53 g/l 40 a9 78 11 268 269 8 35 11 586 585 t-Anticonvulsant and nood
stabilizer
Sulfarnethoxazole & ng/L 100 56 o} QL QL g 11 o] Q QL 1-Sulfonarnide antibiotic drug
Citalopram 4 ng/L 4.9 9 32 11 0.90 3.90 g 0 4] nid nd 1-Antidepressant
Sertraline 4 g/l (142 a9 2 22 0.54 (1L.66 g 0 4] nd nd t-Antidepressant
Anthropogenic Waste Indicators (AWIs) fg
Tri{2-chlor 1} phosphate 115-86-3 5 ng/L 180 g 56 g QL QL 3 22 [} QL QL 5-Fire retardant o
Tributyl ph 126-73-8 5 g/l 200 g9 33 s} QL QL g 11 [ QL QL 5-Antifoaming agent and flame §
retardant 3
Bromoferm 75-25-2 5 ng/lL 30 g 22 i1 545 545 g 78 78 388 4060 8-Wastewater disinfection §
byproduct @
Phase § 2
Pharmacenticals P
Sulfamethoxazole 723-46-6 2 ng/L 6.5 25 60 40 50.1 1611 25 4 4 3.2 82 1-Sulfonamide antibiotic drug %‘
Lithium 7439-93-2 3 ng/L 50006 25 56 56 10.700 46,000 25 56 56 10,800 42,700 1-Treats mania as pare of i 8
disorder 2,
Carbamazepine 253-46-4 2 ng/L 7.1 25 56 28 159 357 25 8 3 17.75 2650 t-Anticonvulsant and mood %
stabilizer =
Metoprol 51,384-51-1 2 4.7 25 52 32 114 37.8 25 20 12 3.5 184 1-Antihypertensive g
Estrone 53-16-7 3 0.092 25 52 20 0.13 0.29 25 4 4] QL QL 3-Hermene 3
Aciclovir 58,277-39-3 1 82 25 44 o] QL QL 25 12 ¢ QL QL E-Antiviral §
Metformin 637-24-S 1 23 25 40 s} QL QL 25 18 O QL QL 1-Treatment of type 2 diabetes =
Methocarbarmol 532-03-6 1 27 25 36 8 24.11 32.30 25 16 [} QL QL 1-Muscle relaxant §
leprobamate 57-53-4 1 69 25 32 4 14.18 1418 25 16 4] QL QL 1-Anxiolytic [;
{affeine 58-08-2 1 ng/L 42 25 32 12 70.2% 90.89 25 8 o] QL QL 1-Psychoactive stimulant ?3
Tramadol 27,203-92-5 1 ng/L 8.7 25 32 15 10.74 23.04 25 ¢ 4] ND ND 1-opiate %
Perfluorcalicyl and Polyflucrcallcyl Substances (PFASs) [-\_:’
Perflusrooctansic acid (PFOA) 335-67-1 3 ng/L 0.56 25 106 76 6.32 112.00 25 100 76 415 16400 12-Perfluorinated 31
Perfluorobutanesulfonic acid 375-73-5 8 ng/L 0.032 25 100 965 1.12 1110 25 100 96 147 11.80  12-Perfluorinated é:
(PFBS} &
Perfluorooctanesulfonic acid (PFOS)  1763-23-1 2 ng/L 013 25 96 33 2.28 43.30 25 92 30 1.62 3690  12-Perfluorinated g
Perfluorchexanoic acid (PFHxA) 307-24-4 8 ng/L 0.044 25 96 96 2.02 55.10 25 100 160 1.43% 60.80  12-Perfluorinated
Perfluoroheptancic acid (PFHpA) 375-85-§ 8 ng/L 0.04 25 96 96 1.13 184.00 25 92 42 0.79 177.00
Perfluorononanoic acid (PFNA} 375-85-1 b1 nz/L 0.084 25 96 96 0.86 41.40 25 92 28 0.74 386
uorobutanoic acid {PFBA) 375 4 2 ng/L 024 25 92 2 3.05 96.80 25 38 38 362 104.1 12-Perfluorinated
Perflusropentancic acid (PFPeA) ¥ 8 ng/l 0.051 25 92 92 1.95 501.00 25 98 6 1.78 514.00 12-Perfluorinated
norchexanesulfonic acid 8 ng/L 0.034 25 92 92 0.36 44.30 25 84 84 0.86 3840  12-Perfluerinated
Perflunrodecansic acid (FFDA) 335-76-2 3 ng/L 0.084 25 92 60 (.43 3110 25 B0 52 .33 2470 12-Perfluorinated
Perflucroundecanoic acid (PFUnDA)  2058-94-8 8 ng/L 0.067 25 36 32 (L14 280 25 32 16 .54 1.5 12-Perfluorinated

Anthropogenic Waste Indicators (AWis)
iclocarban 101-20-2 3 ng/L 11 21 57 24 1.74 2.89 21 18 O QL QL 6-Antimicrobial
(3.4.4'-trichlorocarbanalide}

3380-34-5 3 (.68 25 52 12 2.71 3.50 25 36 [} QL QL 6-Disinfectant, antimicrobial
Benzotriazole methyl-11] 135-85-6 1 71 25 48 44 270 1200 25 36 16 134 247 g-Antioxidant and deicing agent
NN-diethyl-meta-toluamide (DEET)  134-62-3 5 72 25 48 4 98 a8 25 24 Y QL QL G-Insect repellant
Atrazine 1812-24-¢ 1 22 25 44 24 64 323 25 32 16 154 270 10-Her! e
Metolachlor 51218-45-2 5 45 25 36 12 130 1308 25 32 12 a5 100 10-Herbicide

ED_002330_00120033-00004



Galaxolide (HHCRB) 1222-05-5 5 ng/L 27 25 36 36 28 110 25 24 24 365 &1 7-Fragranece, musk
Tri{ 2-butoxyethyl) phosphate 78-51-3 5 g/l 410 25 36 4 470 470 25 8 4] QL QL B-Plasticizer
Tri{2-chloroethyl) phosphate 115-96-8 5 ng/L 91 25 32 4 G5 65 25 28 0 QL QL 5-Fire retardant
Isophorone 78-59-1 5 ng/L 28 25 20 4} QL QL 25 32 4 32 32 S-solvent
Bromoform 75-25-2 5 ng/L 100 25 12 12 80 33 25 60 52 180 3300 S-Wastewater ozonation
byproduct
inorganic Constituents
Strontivm 7440-24-6 3 g/l 1.00 25 100 100 177 1014 25 100 100 178 1000 organic
Barium 7440-39-3 g ug/L 1.00 25 100 100 50.8 114 25 100 100 29.6 110
Calcium 7440-70-2 G mg/Al 0010 25 100 100 389 129 25 100 100 39.3 784
Sodi 7440-23-5 9 mg/L  0.030 25 100 100 24.0 128 25 100 100 27.8 128
7704-34-9 g mg/l.  0.003 25 160 100 133 82.7 25 100 100 14.5 83.9
7439-95-4 g mg/l 0005 25 100 100 106 446 25 100 100 8.81 317
7440-21-3 G mg/dl  0.020 25 100 100 2.75 22.4 25 100 100 2.93 22.3
i 7440-09-7 9 mg/L 0300 25 160 100 2.72 6.93 25 100 100 2.07 6.87
Total dissolved nitrogen g mg N/l NA 23100 100 1.03 512 23 100 100 0.96 497 Organic
Flouride 16984-48-8 g mg/l  NA 23 100 100 0.20 0.56 24 100 100 0.83 1.22 13-Inorganic
Nitrate (NG;) 14797-55-8 g mg N/L 0.089 24 100 100 0.77 5.09 25 98 96 (.78 451 :f;
Aluminum 7429-90-5 9 pg/L 4.00 25 96 96 91.1 949 25 96 96 111 138 €
Zinc 7440-66-6 g ug/L (.50 25 496 96 330 23 25 68 68 1.30 100 3
Sulfate (504) 14808-79-8 g mg/l  NA 24 96 38 208 234 24 96 38 431 241 2
Chioride 16887-00-6 g mg/l.  NA 24 96 88 15.8 52.8 24 95 33 26.9 60.8 %
Iron 7439-89-6 9 pg/L 1.00 25 9z 92 206 1688 25 80 8¢ 2.40 90.7 ©
Manganese 7439-96-3 g ug/L 1.00 25 492 92 43 1497 25 64 64 2.60 55.6 B
Phosphorus 7723-14-0 g mg/l 0005 25 84 24 0.07 0.22 25 68 58 0.20 0.70 o
Copper 7440-50-8 g pg/L 1.00 25 B4 84 53.40 25 64 64 475 109 3-Inorganic é
Phosphate (PO,;) 14265-44-2 9 mg/L  0.025 24 33 83 0.56 25 63 68 0.22 1.6 Inorganic 2
Bromide 10035-10-6 g mg/l 0.005 24 79 79 (.26 24 50 50 0.04 (.24 2,
Lead 7439-92-1 g ug/L 0.07 22 77 77 241 24 21 21 0.11 0.27 F
Uranjum 7440-51-1 g pg/L 0.05 22 68 68 8.92 24 50 50 (.69 3.63 5
Armonia (NHs) 7664-41-7 g mg N/L 0.012 25 64 64 (.24 25 48 43 0.39 0.79 g
Arsenic 7440-38-2 g ug/L 4.00 22 64 54 313 24 54 54 0.54 1.37 %"
Nitrite (NG, 14,797-65-0 I mg N/ 0.033 24 50 50 0.06 25 24 24 .02 0.02 3
Nickel 7440-02-0 g e/l 1.00 25 44 44 2.20 25 20 20 1.20 3.50 =
Vanadium 7440-62-2 3 g/l 1.00 25 44 44 5.30 25 16 16 340 4.90 3-Inorganic §‘
Tin 7440-31-5 g ug/L 1.00 25 40 40 174 25 36 36 6.40 159 13-Inorganic o
Chilorate (Cl03) 14,366-68-3 G mg/Al 0010 16 13 13 0.07 15 53 53 (.08 0.32 | 3-Inorganic il'?
Selenium 7782-49-2 9 ug/L 1.00 22 9 ] 1.54 24 29 28 1.35 1.64 13-Inorganic g
Kicroorganisms g
Aspergilfus fumigatus 16 25 48 48 10 Ely 25 0 0 ND ND 14-Fungus 5
Giardia 14 23 48 48 0.73 2.22 o - - - - 14-Protozoa 2
rus 13 25 36 28 320 5123 28 17 17 73 105! ©°
Nerovirus genogroup I 13 25 36 36 471 3133 12t @ i3 [eh:d a8t “ﬁ
Aspergilfus terreus 16 /L 25 28 28 250 4250 25 0 0 ND ND
Polyomavirus 13 MPN/L 25 28 16 356 848 120§ o QL QL
* Detailed information about each method is presented in Supplermentary Information Table 1.
b
< Mumber of samples analyzed for a particular analyte.
4 Qualitative frequency of detection. Includes measurements below the RL or LOMRL as well as analytes with mairix enhancement in the associated laboratory fortified matrix samples.

¢ Quantitative frequency of detection. Includes only measurements th

Median concentr
£ Maximum concentration of gquantified de
" Analyte classes: 1) pharmaceutical,

2) pharmaceut]

e RL or LCMRL and did not have matrix enhancernernt.
ve; NI = non-defx
2 NI = non-
metabotite, 3) hormone, 4) detergent
pesticide, 11) plant or fecal sterol, 12) perfluorinated, 13) inorganic analyte, 14) microorganism

raetabolite, 5) chlorinated flarne retardant, 6} housebold chemical, 7) fagrance, 8} industrial chemical, 9) polycyclic aromatic hydrocarbon, 10)
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filtered on an Envirochek™ (Pall Corporation, Port Washington, NY) for
protozoa analysis and up to 200 L was filtered on a NanoCeram@® filter
{Argonide, Sanford, FL) for viruses, For the treated water samples,
since residual chlorine can inactivate viruses attached to the filter, the
virus samples were collected at a point just before the introduction of
disinfectant. Since 13 of the 25 DWTPs used pre-chlorination, only 12
treated pre-disinfection water samples were collected in Phase I for
analyzing viruses, For these treated non-disinfected samples, 2000 L
of water was filtered. More details on the virus collection procedure
will be provided in a forthcoming manuscript {Varughese ef al,
unpublished results). Protozoa samples were not collected from the
treated water,

in Phase §, all samples were collected in duplicate. One sample was
analyzed as the primary sample, and the second analyzed alternately
as a replicate sample or as a laboratory fortified matrix sample {(matrix
spike). In Phase I, all samples for organic chemical analysis were collect-
ed in triplicate, with a primary, replicate, and laboratory fortified matrix
analyzed ar all locations. Only the primary samiple was analyzed for in-
organic and microbial constituents at all sampling points.

Field blanks were included to monitor for potential contamination
during sampling, processing, or transport, because many of the mea-
sured analytes occur in products commonly consumed and used by
DWTP and other personnel, and gloves and other personal protective
eguipment may not be sufficient to avert contamination, In Phase |,
DWTPs were asked to supply a sample of laboratory grade watey, either
a decanted bottled sample or produced water, such as Mifli-Q {EMD
Millipore, Billerica, MA). In Phase I, bottled laboratory grade water
{Omni-Solv®, EMD Millipore, Billerica, MA), validated to be free of
many organic contantinants, was supplied to all DWTPs for decanting
into sample collection bottles on-site.

After collection, all samples and field blanks were immediately
packed on ice and shipped overnight to USEPA and USGS laboratories
for analysis within sample holding times (Supplementary information
Table 1).

2.3. Sample analysis

fn Phase 1, samples were analyzed using three methods, two for
pharmaceuticals (Cahilt et al, 2004 adapted as an official USG5 method
in Furlong et al, 2008; Schultz and Furlong, 2008) and one for a diverse
suite of chemicals commonly found in wastewater, such as detergent
metabolites, fragrances, and pesticides, described herein as anthropo-
genic waste indicators (AWIs; Zaugg et al, 2006) These three methods
were also utilized in Phase I, along with three additional pharmaceuti-
cal methods {3 modified version of Ternes et al, 2005; Batt et al, 2008;
Furlong et al, 2014), a method for hormones and other endocrine
disrupting chemicals {Conley et al, 2018), a per- and polyfluoroatkyi
substances {PFAS) method {Boeone et al, 2014}, a method for fungi
{Haugland et al, 2004), two bacteria methods (Covert et al, 1999 and
Beumer et al., 2010 for mycobacteria; Donchue et al, 2014 for
Legionella), a method for enteric viruses (Varughese et al, unpublished
results), and a method for protozoa (USEPA, 2005a). While they are
not CECs, three methods for inorganic constituents (USEPA, 2005b;
USEPA, 2001, USEPA, 1894) were also used to analyze samples. Three
analytes were evaluated in multiple methods in Phase §; a total of 53
compounds (46 organic and 7 inorganic) were measured in multiple
methods in Phase L. In addition to the direct concentration measure-
ments, an aliquot of the extracts prepared for the hormone analysis
was also evaluated for estrogen receptor-mediated bioactivity using
the T47D-KBluc bicassay (Wilson et al, 2004; Conley et al, 2016). Sup-
plementary information Table 1 has a brief summary of each method
used for this study. More methodological detail can be found in the
above referenced papers, as well as in the accompanying detailed man-
uscripts on pharmaceuticals (Furlong et al, 2016), hormones {Conley et
al, 2018), PFASs (Boone et al, unpublished results), bacteria, fungi and

protozoa (King et al, 2016) and viruses {Varughese et al, unpublished
resudts).

24, Quality control

Since the concentrations measured in this study were expected to be
close to the instrument detection limits, a considerable number of qual-
ity assurance/quality control (QA/QC) samples were incorporated into
the sampling design. Over 50% of the samples analyzed in Phase | and
over 70% of the Phase I samples were for QA/QC purposes. When possi-
ble, the lowest concentration minimum reporting level { LCMRL: USEPA,
2010) was determined for each analyte, If the LCMRE could not be calcu-
lated, a reporting Hmit (RL) was used at the quantified detection thresh-
old (USEPA, 2012b). Samples that did not exceed their associated
LCMRL or RL but were above the instrument detection limit were con-
sidered qualitative detections, and the numerical concentrations were
remnoved from the results, Likewise, samples in Phase I with associated
laboratory fortified matrix samples with > 150% recoveries were consid-
ered as qualitative detections as the matrix exhibited signal enhance-
ment. Sample measurements that did not exceed the concentrations
measured in the associated field and/or laboratory blanks by a factor
of three were censored from the data set. A detailed discussion of the
GA/QC analysis is available in an accompanying manuscript (Batt ef
al, 2016) as well as in the individual papers on specific aspects of con-
taminant results {Condey et al, 2016; Furlong et al., 2016; Boone et al,
unpublished results; King et al., 2016).

3. Results and discussion

Table 2 lists the analytes qualitatively detected in at feast 30% of
either the source or treated drinking water samples for both Phase |
and Il in this table, and in the remainder of the paper, the analytes
are separated into five contarminant classes; 1} pharmaceuticals, 2)
perfluoroatkyl and polyfluoroalkyl substances (PFASs), 3) anthropogen-
ic waste indicators {AWIS), 4) inorganic constituents, and 5) microor-
ganisms. Detailed discussions of the individual analytes are presented
in the associated papers { Conley et al, 2018, Furlong et al, 2016;
Boone et al, unpublished results; King et al,, 2016; Varughese et al,,
unpublished results). Tables enumerating all analytes detected and
not detected are presented in alphabetical order by contaminant
class in Supplementary information Tables 2 and 3, respectively. Con-
centrations of inorganic constituents and AWis detected at each location
are presented in Supplementary information Table 4. Of the 84 analytes
in Phase 1 and 247 analvtes in Phase 1L, 57 and 99 {68% and 40%) were
never detected in source water samples and 63 and 128 (75% and
51%) were never detected in treated drinking water samples,
respectively.

Phases | and Il had 77 analytes in common, 24 pharmaceuticals and
53 AWIs. Fig. 1 illustrates the frequency of qualitative detections of
these analytes in all of the Phase | and Il locations, as a whole as well
as separated by chemical class. In general, detections were infrequent,
with typically fewer than 5 pharmaceuticals and 10 AWIs detected in
any given sample. For the five locations that were sampled in both
Phases | and 1, the detection trends remained similar, with the excep-
tion of the Phase | AWl detections for DWTP 4 (Fig. 1, Supplementary in-
formation Table 5). Seven of the AWls were detected in the field blank
from that location, and thus the concentrations in the associated sam-
ples were censored, It was field blank detections such as these that erig-
gered the enhanced field blank QC design for Phase 1L By supplying a
uniform, verified laboratory-grade water in Phase i, better control and
assessiment of potential contamination from field personnel and/or
transport was possible. The similarity of detection at these five locations
may be a function of the fact that in both Phases the samples at these
five locations were collected between September and March. The con-
centrations of contaminants in wastewater have been demonstrated
to fluctuate diurnally, weekly, and seasonally (Petrie et al., 2015). This
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Fig. 1. Qualitative frequency of detection for analytes monitored in both Phases ! and 1. Number of analytes ineach class - tofal, 77; pharmaceuticals, 24; anthropogenic waste indicators, 53.

variability in wastewater-driven contaminant inputs, as well as temper-
ature-dependent environmental attenuation ability, results in seasonal
trends observable in surface waters {(Wen et al, 2014; Robles-Molina
et al,, 2014) and in treated drinking water (Houtman et al, 2014). To
fully understand the overall contaminant load at a given location, mul-
tiple samples collected on daily, weeldy, and monthly time scales are re-
quired. A more detailed discussion of the Phase 1 pharmaceutical
detections can be found in Furfong et al. {2016).

The carbamazepine detections at DWTP 5 triggered another modifi-
cation to our QA/QC design between Phase | and Phase L Surprisingly
high concentrations of carbamazepine were measured in the treated
water sample. Carbamazepine was an analyte in two methods, and
this location happened to have the second sample collected as a dupli-
cate rather than a laboratory fortified matrix sample. Therefore, for
both the source water and the treated drinking water, we had four inde-
pendent measurements of the carbamazepine concentration, and ali
eight measurements pointed to the higher levels in the treated water
samiple. Since chiorination was the only treatment performed at this lo-
cation, the time required to collect the samples was enough that slightly
different parcels of water were examined before and after treatment,
Without the verification of a second method or duplicate sample, the
validity of this detection would have been questioned. Because of this,
in Phase H, both a duplicate and a laboratory fortified matrix sample
were collected for all organic chemicals at all locations, A further discus-
sion of the QA/QC results can be found in the pharmaceutical (Furlong et
al., 2016}, PFAS (Boone et al, unpublished results), and quality control
{Batt et al, 2018) papers.

Fig. 2 depicts the nuimber of analytes qualitatively detected ineach of
the Phase Il locations, ordered by the nurmber of detections in the source
water, The number of gualitatively detected analytes in the source
water ranged from 30 in DWTP 29 to a maximum of 104 in BWTP 4;

in the treated drinking water, the number of qualitative detections
ranged from 20 in DWIP 510 73 in DWTP 4, The number of analytes de-
tected in the source water shows some relation to the type of water
body from which the sample was drawn. DWTPs that used rivers or
streams as sources tended to have generally higher numbers of analytes
than those that used lakes, reservoirs, or groundwater sources (Fig, 2,
tabled data}; this trend was also observed in previous research {Sun et
al., 2015}, One explanation for this trend would be that environmental
attenuation, including processes such as adsorption and biodegradation,
is greater in lakes, reservoirs, and groundwater due to extended resi-
dence times. Another possible explanation for the lower number of
analytes in lake, reservoir, or groundwater sources is that these sources
were, in general, fess affected by anthropogenic inputs, The presence of
fewer contarinants in reservoirs, lakes, or groundwater is not constant
across chemical classes, which is consistent with attenuation processes
being chemical specific and with detected analytes originating from var-
ious sources. Fig. 3 presents the frequency of detection by the five differ-
ent contaminant classes, Pharmaceuticals and AWIs generally show the
same overall relation between water type and frequency of detection,
with the river-based systems showing generally higher frequencies of
detection. Additionally, both of these classes of compounds were rather
infrequently detected in both source and treated drinking water as com-
pared to the number of analytes in each class.

The PFASs {Boone et al,, discussed mwore fully in a forthcoming pub-
lication} and inorganic constituents demonstrated a different relation
hetween frequency of detection and source water type, with the num-
ber of analytes measured in each location remaining fairly constant
and independent of water type, and a larger percentage of each class de-
tected. This difference, when compared 10 pharmaceuticals and AWIs,
may result from greater detectability due to LOMRLs/RLs for these
analytes that are substantially lower than the observed ambient
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Fig. 3. Qualitative detections in each Phase Il DWTP, separated by chernical/microbial class.

roicroorganisms, 14

environmental concentrations. The microorganisms presented a more
ternporal pattern; detections were more related to sampling month,
with detections higher in the winter months than the summer months
{see Fig. 2, tabled data).

However, frequency of detection does not fully explain analyte dis-
tributions, Fig. 4 llustrates the sum of the concentrations of all analytes
measured in a given chentical class for each location. Since the inorganic
constituents had units of measurement that differed by three orders of
magnitude, they were separated into two graphs. The pharmaceuticals
still showed the same relation to water source, with samples from
river systems having greater summed concentrations, The AWIs were
more variable, with a marked total concentration increase in some of
the treated waters, due primarily to production of the disinfection
byproduct bromoform during treatment. PFASs and inorganics, which

o
s
=
=

Nurnber of analytes in each class: pharmaceuticals, 121; PFASs, 17; AWIs, 55; inorganics, 40;

showed little variability between locations in terms of frequency of
qualitative detection, show greater variability in concentrations be-
tween locations,

In order to compare total chemical concentrations between locations
with analytes that vary by six orders of magnitude {mg/L to ng/L), in Fg.
5 concentrations were normalized for each class by dividing the
sumimed concentrations for each class in all samples by the site with
the highest summed concentration for each class {DWTP 4 source for
pharmaceuticals, DWTP 22 source for the PFASs, DWTP 2 treated for
the AwWis, DWTP 24 source for the inorganics on the pg/L scale and
DWTP 15 treated for the inorganics on the mg/L scale). The class-nor-
malized concentrations from all 5 classes were then summed to give a
total normalized concentration by DWTP and presented in the bottom
panel of Fig. 5. None of the DWTPs had a summed normalized
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0

Pharmacsutivs

{pg/L for Hithium versus ng/d
analytes in each class).

for the other pharmaceut

concentration > 2, indicating that any one DWTP typically had relative
elevated concentrations in only one of the chemical classes and that
concentrations were not uniformiy elevated among all classes at a par-
ticular DWTP.

The number of qualitatively detected analytes and their concentra-
tion typically vary between the source and treated drinking water sam-
ples from each location (Figs. 3 and 4). It is also apparent that these
changes are analyte-class specific. These trends in qualitative and quan-
titative detections are summarized in Table 3. Since many of the detec-
tions of pharmaceuticals and AWIS were less than the LCRML or RL,
typical statistical analyses requiring uniformly numerical concentra-
tions were not appropriate. To examine these concentration trends,
the percent change hetween the source and the treated samiple was cal-
cubated for each analyte by dividing the difference between the source
and treated samples by the concentration in the source water, Non-de-
tects and blank corrected detections were assumed to have a

icals). Jnorganics were divided between those with pg/L and rag/l. concentrations (see Supplementary information Table 2 for

concentration of zero. Changes between qualitatively detected analytes
and non-detects were assumed to be either 3 —100% or a 100% change,
depending on if the gualitative detection was in the spurce or treated
water, respectively, Changes between quantitatively detected analytes
and gualitatively detected analytes were assigned a —50% or a 50%
change, also depending on if the qualitative detection was in the source
or treated water, respectively, No calculation was made if both the
source and the treated sample had a gualitative detection, or if both
were non-detects, The calculated percent change trends are in general
agreement with the relations graphically depicted in Figs. T and 2.
Grand median (imedian of median} percent changes of —100% and
—857% were observed for pharmaceuticals and AWIS, respectively, indi-
cating that the treated water concentrations were lower than the souice
water concentrations. Conversely, the grand median percent changes
for PFASs and inorganics were —1% and —3%, respectively. The calcula-
tion for the microorganisms were difficult, since the protozoa were not
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Fig. 5. Normalized chernical concentrations. Concenirations in each chernical class were normalized to the location with the greatest concentration. The summed normalized concentration

figure is the sum of the normalized concentrations of five cherical clas:

collected in any of the source water samples, and the viruses could not
be collected in nearly half of the DWTPs due to the use of pre-chiorina-
tion, and the virus samples that were collected were before final disin-
fection. But, for those DWTPs where source and treated water pairs
were collected, a grand median of —100% was observed, indicating gen-
erally lower microorganism densities in the treated water as compared
to the source. The locations in Table 3 were ranked by increasing per-
cent change between the source and treated samples. The locations
with the greatest percent change tended to be the river systems, pre-
sumably because lake/reservoir and groundwater systems provide
greater environmental attenuation, thus making the efficacy of
engineered treatment difficult to evaluate based solely on a comparison
of source and treated water samples.

For quantitative detections, a statistical analysis was possible. The
bottom of Table 3 presents the results of the Wilcoxon paired sample
test (statistiXL, Nedlands, Western Australia) between the source and
treated drinking water samples, for all quantitative detections at a
given DWTP, as well as for each analyte class. A one-tailed test was
used, with the concentration in the source assumed to be greater than
the treated drinking water samples. For these calculations, non-

s subunits (pharmaceuticals, PRASs, AWISs, inor

ganics with pg/L units and inorganics with mg/L units).

detects,blank corrected samples, and values fower than the LCMRE or
RIL were assumed to be equal to zero. The limitations of left censoring
data have been recognized (Helsel, 2010); however, since the Wilcoxon
test is nonparametric, the impact to the conclusions is minimal. Either
the source water or the treated drinking water for a contaminant at a
given location had to have a quantitated detection for the pair to be in-
cluded in the analysis. Numbers in bold indicate statistically significant
differences between the source and treated samples at the 0.05 signifi-
cance level The locations are again ranked in order of decreasing differ-
ence between the source and treated water samples. Eleven of the
DWTPs showed statistically significant overall differences between the
source and treated drinking water. Nine of the 11 DWTPs with statisti-
cally significant differences were from river systems, The two non-
river locations, DWTPs 24 {groundwater) and 28 (lake/reservoir),
were the locations that had greater numbers of qualitative detections
of analytes than some of the river systems, as depicted in the gualitative
detection ranking in Fig, 2. Part of the high number of focations showing
statistically significant differences may be attributed to the high degree
of freedom due to the number of pairs across all analyte classes. When
one examines the differences between source and treated water
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Table 3
Analysis of quali

tative and quantitative detections by location in Phase [L Values in bold indi

te statistically significant change between detections in source and treated samples.

Analysis of qualitative detections

Location All Pharmaceuticals PFASs AWls Inorganic Microorganisms
Numberof Med¥% Mumberof Med % Numberof Med¥% Numberof Med¥% Mumberof Med % Numberof Med¥%
pairs change pairs change pairs change pairs change pairs change pairs change

DWIP 2 61 ~100 15 ~100 12 98 3 100 24 -3 2 100

DWIP 3 39 ~100 31 ~100 12 25 10 100 30 -9 6 100

DWTP 22 65 80 14 - 100 14 -7 10 -~ 100 27 -3 g

DWTP 19 54 —57 & — 100 2] —1 1t — 100 28 —57 g

DWTP 18 55 —56 IR —100 12 —49 5 — 100 26 -7 1 —100

DWTP 23 64 —54 13 —100 10 1 10 — 100 30 —9 1 —100

DWTP 11 45 —50 4 —100 8 —29 2 —100 25 —-11 5] —100

DWTP 4 86 —48 33 —100 13 0 13 —50 25 9 4 0

DWTP 27 70 —45 21 —100 10 -39 8 — 46 27 —6 4 —96

DWTP 1 67 —34 18 —100 14 -9 1 50 30 —23 4 —-97

DWTIP 10 63 =11 8 ~100 13 -2 10 16 25 1 7 -~ 100

DWTP 24 43 - 10 1 -2 9 -4 G 25 27 43 a

DWT 5 -6 9 ~100 7 15 3 67 28 ] 7 100

DWTP 26 68 —6 12 — 100 10 7 14 —75 28 -2 <] — 100

DWTP 317 50 —6 8 — 100 it 4 4 — 100 24 —3 3 — 100

DWTP 25 48 —5 3 — 100 10 —4 7 —100 23 —5 5 100

DWTP 15 45 -5 3 100 8 -3 5 100 28 —4 1 — 100

DWTP 23 50 -3 8 100 10 2 4 —100 25 -1 3 — 100

WTP 16 45 —1 4 a g g 3 —27 27 —4 2 4]

DWTP 29 35 1 4 - 100 7 -1 5 100 16 3 3 100

DWTP 12 44 1 3 100 10 4 5 100 25 -1 1 100

DWIP 3 34 4] 7 100 1 25 4] 25 a 1 100

DWTP 14 39 2 4 100 3 1 1 100 26 10 g

DWTP 13 36 g 4 — 100 2] 9 ¢ 23 9 g

DWTP 23 47 18 2 75 12 7 & —25 23 77 4 —100

Grand —8 —100 —~1 67 -3 —100

Median

Analysis of quantitative detections

Location All Pharmaceuticals PFASs AWls norganic Microorganisms
Mumber Wilcoxon P Number  Wilcoxon?  Numnber  Wilcoxon P Number  Wilcoxon P MNumber  Wilcoxon P Number  Wilcoxon P
of pairs of pairs of pairs of pairs of pairs of pairs

DWTP 2 47 D050 4 0.063 13 0060 6 0.281 24 3.126 2 0.250

DWTP 18 49 0.860 9 5002 11 0.080 2 0.750 26 0079 1

DWIP 3 65 0.860 17 5000 10 6.018 2 0.250 30 03301 5] 4016

DWTP 22 53 0.800 11 0.000 12 0.367 3 0.125 27 0.098 4]

DWTIP 24 39 0.601 1 9 0.180 2 0.750 27 0.001 4]

DWTP 28 44 0.8662 4 0.063 10 0.384 2 0.250 25 0.051 3 0.125

DWTP 27 53 0.083 10 8.001 9 0.064 3 0.625 27 0.314 4 0.313

DWIP 21 52 0.012 6 8.016 10 0.646 5 0.218 30 0.319 1

DWIP 1 52 0.016 6 3.156 12 0.291 4] 30 0.076 4 (.188

DWTP 17 41 0.024 3 0.625 10 3470 1 24 a.137 3 0.125

DWTP 11 36 6.032 a 6 3.656 g 25 4.221 5 8.031

DWTF 4 59 0.052 17 8.080 11 0232 2 X 25 04.862 4 0.438

DWTP 10 49 0.056 2 (.250 10 3.020 5 0.313 25 0.468 7 0.344

DWIP 19 38 0.062 1 9 0.500 4] 28 0.028 g

DWIP 25 41 0.095 2 0.500 10 0.044 1 23 0.035 5 0.594

DWIP 26 51 52 G 0.078 10 1.000 3 0.875 28 0.460 6 0.016

IPATP 20 43 g H & 4. 2 0.75¢ 28 0.054 G 0.656

IPWVIP 16 42 0.2 H 9 4. 3 0125 27 0.226 2 0.500

IPVIP 15 38 0267 H 7 0469 1 28 3.321 1

IPVIP 12 38 03,307 3 H¢ 4.941 2 0.750 25 0.173 1

DWTP 29 28 0375 1 7 0.289 1 16 03.281 3 0.625

DWIP 3 30 3.598 3 0.625 1 a 25 3466 1

DWTP 23 39 3.761 g 11 4.761 1 23 3.951 4 0.063

DWIP 14 36 0.946 1 8 0.727 1 26 0.838 4]

DWIP 13 34 0.981 2 0.500 9 0914 a 23 0.980 4]

Median P 0.056 0.063 0470 0.469 0.226 0.250

concentrations within an analyte class, the number of staristically signif- statistically significant differences between the source and treated
icant differences decreases substantially, No location showed statistical- water samiples. For the pharmaceuticals, six locations have statistically

by significant differences for the AWIs and only three locations showed significant decreases between the source and treated samples, OQut of
significant differences in the number of microorganisms, Three DWTPs the five analyte classes investigated in this paper, pharmaceuticals
show significant differences between the source and treated drinking have the most paired source and treated water data available in the lit-
water samples for the PFASs, The inorganic constituents had the largest erature, These studies (Benotti et al, 2000; Simazaki et al,, 2015; Caiet
number of pairs at each location, but only three BWTPs exhibited al., 2015) show similar reductions during drinking water treatment.
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Detailed analyte-specific discussions can be found in the pharmaceuti-
cal (Furlong et al., 2018), PFAS {Boone et al,, unpublished resulis), and
microorganism {King et di,, 2016) papers.

Overall, source and treated water samples from DWTPs of diverse
volume and water sources that employ typical treatment processes co-
tain arange of CECs and other associated contaminants. These overview
results indicate that while the majority of CECs are either not observed
in source of treated water samples, or are below detection after treat-
ment, many CECs are incompletely removed during treatment and
thus are present in water distributed for potable use. The concentrations
of most CECs are low, typically in the part-per-triflion range; even so,
their persistent presence suggests that there is exposure via water con-
sumption. Taken together these results identify the range of CECs and
other contarinants that may be found in source and treated waters
where discharged wastewater effluent is potentially a substantial com-
ponent in source water, It should be noted that the measurements in
this study may not represent global maximum concentrations, and
greater exposures are possible, if not probable, in developing countries
{Rehman et al., 2015). Itis also critical to note that most of the results
from this study were collected at a single point in time and thus com-
prise a spapshot in time; future studies would benefit from more de-
tailed and focused time series sample collection designs thar betrer
capture temporal variation. Nevertheless, the use of a stringent QA/QC
design and consistent field protocols and laboratory methods has result-
ed in a unique, consistent dataset of chemical and microbiological con-
taminants reflective of water supply conditions in typical DWTPs during
the time of the sampling campaign {2007-2012). As a result, this
dataset provides a benchmark and framework for future monitoring of
CECs.

Four associated papers further explore the implications, if any, of the
detections of these analytes to aquatic life and human health, The first
two papers conduct risk guotient assessments on the source water for
aquatic life (Kostich et al,, 2016 and the margin-of-exposure assess-
ments for the detected unregulated chemicals in treated drinking
water for human health (Benson et al., 2016); the concentrations of
the 17 chernicals in this study which are regulated in the United States
{Code of Federal Regulations, 2015, USEPA, 2016) were compared to
the regulatory thresholds in Supplementary information Table 6. The
third paper compares the measured endocrine disrupting chemicals to
bioactivity results from an estrogenicity bioassay (Conley et al,, 2016),
The fourth paper examines the microorganism detection (King et al,,
2016). This health-based context is vital in determining the impact of
these contaminants in the environment and to human health.
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